Terahertz time-domain spectroscopy (THz-TDS) has been used to investigate electrical properties of Mg-doped indium nitride (InN). Mg-doping in InN was found to significantly increase terahertz transmittance. THz-TDS analysis based on the Drude model shows that this high transmittance from Mg-doped InN is mainly due to the reduction in mobility associated with ionized dopants. The Hall-effect-measured mobility is typically lower than the THz-TDS-measured mobility for the same samples. However, the results of both measurements have the same slope in the linear relation between mobility and density. By introducing a compensation ratio of $0.2, an excellent agreement in mobilities of two methods is obtained. Recently, research activities in indium nitride (InN) have been dramatically increased due to its potential applications in high-frequency electronic devices and near-infrared optoelectronics. Due to its high electron affinity, as-grown InN is typically n-type and the growth and identification of p-type InN is one of the main challenges in the InN research. Recently, a series of works have been reported on the support of the presence of buried p-type conductivity in Mg-doped InN (InN:Mg), [1] [2] [3] [4] [5] which is separated from the surface electron accumulation layer by a wide depletion layer. Typically, the electrical properties of InN:Mg are dominated by the surface layers and it is difficult to realize the true bulk conductivity of the buried bulk material. In fact, most of early works on InN have probed the material properties within the optical penetration depth ($133 nm for 800 nm optical pulse). 6 In order to realize the true bulk material properties, it is necessary to perform a transmission measurement through a sufficiently thick sample and then the contribution from the surface region can be small when averaged over the whole film.
Here, we report the optical and electrical properties of InN:Mg as determined by terahertz time-domain spectroscopy (THz-TDS), which can measure the complex-valued electrical conductivity, carrier density, and mobility. Since THz transmittance through the film was measured in this experiment, the bulk conductivity and mobility could be unambiguously obtained. The results show that THz transmittance through the InN:Mg films is $3 times larger than that measured for an undoped InN film. From the analysis of THz-TDS data with the Drude model, we found that the increase of THz transmission is associated with the reduction of the electrical conductivity and mobility, which is dominated by the electron scattering due to ionized dopants. The bulk mobility measured by THz-TDS shows a nearly carrier density-independent discrepancy with the mobility measured by the Hall effect. When the compensation of native donors with doped acceptors with a ratio of 0.2 is included in the calculation, an excellent agreement is achieved in the mobilities measured by Hall effect and THz-TDS. 18 cm À3 . The THz-TDS system is based on a p-type InAs emitter excited and probed by a Ti:sapphire laser which delivers $50 fs optical pulses at a center wavelength of 800 nm and a repetition rate of 1 kHz. Normally transmitted THz signal is detected by a free-space electro-optic sampling method. Since THz-TDS measures both the amplitude and the phase of the THz electric field, the absorption coefficient Fig. 1 , the transmittances in InN:Mg films are much higher than that of the undoped InN film. Especially, sample A with a carrier density similar to the undoped InN film has THz transmittance at least three times higher than that of the undoped InN film. The complex refractive index ðñÞ and the electrical conductivity ðrðxÞ ¼ r 1 þ ir 2 Þ of the undoped InN film (circles) and sample A (squares) were obtained from frequency dependent THz transmittance in Fig. 1 . As it can be seen in Fig. 2 , monotonically decreasingñ and the nearly frequency independentr of sample A are much smaller than those of the undoped InN film. We fit the measured complex conductivity in Fig. 2(b) using the simple Drude model, in which the complex conductivity is defined bỹ Table  I . It should be noted that the carrier scattering times of the InN:Mg films are much shorter than that of the undoped InN film whereas the plasma frequencies of the InN:Mg films are similar to that of the undoped film. The carrier lifetimes including cooling and diffusion time of the InN:Mg films have been studied separately. 9 Especially, the spatial redistribution of carriers in diffusion and drift is found to be responsible for the recombination behavior as well as THz radiation.
The Drude model in Eq. (1) treats conduction electrons as free to move and subject to a collisional damping force. Therefore, the carrier scattering time obtained from our measurement corresponds to the average time between collisions. For doped semiconductors, free carriers are provided by the ionized dopants and among various carrier scattering mechanisms, scattering due to ionized centers is known to be Table I. most dominant for doped InN. 10 For InN:Mg, the high density doping of Mg in InN increases the number of ionized centers and results in the reduction of collision time compared to that of the undoped InN film. Figure 4 summarizes the carrier density dependent mobility for InN:Mg samples, in which l TDS (black circles) is constantly larger than l Hall (red circles), whereas the slope in the linear relation between mobility and density measured for THz-TDS is in good agreement with the slope found for Hall effect measurements.
Because the contribution of surface layers to the bulk properties can be ignored for the thick samples (!1 lm),
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N TDS and l TDS obtained by THz-TDS reflect the values in the bulk InN:Mg. In contrast, Hall effect measurement based on the van der Pauw method measures the material properties in two-dimensional, thin regions of samples and its result can be influenced by the existence of surface layers, including the surface accumulation layer and the depletion layer where the main carrier compensation occurs. In Kane's twoband model, the carrier scattering is affected by the nonparabolicity of the band and the electron mobility controlled by the scattering due to ionized centers can be expressed as 
where e 0 is the static dielectric constant, Z is the charge of the ionized defects, and F i is a k-dependent function. In an uncompensated material, the density of ionized defect centers N i is given by N i ¼ N f =Z; where N f is the free electron density. In a compensated material, N i ¼ N f ð1 þ hÞ=ð1 À hÞ is a function of the compensation ratio h (ratio of minority to majority dopants). 10 With a constant compensation ratio of Fig. 4 ) to l Hall for InN:Mg. Meanwhile, according to the previous THz emission measurements from the same InN:Mg samples, the compensation ratio within the depletion layer varies with the carrier density. 13 Therefore, the estimated value of h ¼ 0.2 represents the averaged compensation ratio of the bulk InN:Mg comprising the carrierdensity-dependent h in the narrow depletion layer.
In summary, using the technique of THz spectroscopy, THz wave transmittance through Mg-doped InN was investigated. Since THz-TDS measurement is based on the transmittance through the samples, the measured material parameters correspond to the bulk properties of the samples. The refractive index and conductivity of InN:Mg were found to be much smaller than those of undoped InN and it is due to the reduction of carrier-carrier collision time. Electrical mobility of InN:Mg films show a linear relation with the carrier density, corresponding to electron scattering by ionized centers. The constant discrepancy of experimental results of THz-TDS and Hall effect measurement could be explained by the contribution of the carrier compensation between native donors and doped acceptors in the depletion layer.
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